Digit formation during vertebrate limb development is a well-known example of programmed cell death. We have used this system to analyze whether the formation of the interdigital necrotic zone in mouse autopods is linked with the expression of BAG-1, a gene with an anti-death activity. Here, we demonstrate that during development of mouse autopods, BAG-1 expression is downregulated upon the initiation of interdigital apoptosis. We further show that retinoic acid induced interdigital apoptosis is also correlated with a downregulation of BAG-1 expression. On the contrary, the expression of BAG-1 remains unaltered in autopods of RARb 2/2 /RARg 2/2 mice which show severe interdigital webbing due to a marked decrease in interdigital apoptosis. q
BAG-1 expression in the developing mouse limb
BAG-1 is encoded by a gene termed Bcl-2 associated athanogene 1, which was isolated by virtue of its ability to bind the anti-apoptotic protein Bcl-2 and independently by its ability to bind several steroid receptors (Takayama et al., 1995; Zeiner and Gehring, 1995) . In humans, BAG-1 consists of four polypeptides -BAG-1L, BAG-1M, BAG-1S and p29 -encoded by the same mRNA through the use of alternative translation-initiation sites (Packham et al., 1997; Takayama et al., 1998; Yang et al., 1998) . The BAG-1 proteins have diverse functions. These range in cultured cells from the regulation of transactivation by nuclear receptors to the prevention of cell death induced by different agents, including glucocorticoids and retinoic acid (RA; Kullmann et al., 1998; Liu et al., 1998; . To determine whether in vivo, BAG-1 expression is correlated with the initiation of programmed cell death, we examined the expression of this gene by whole-mount in situ hybridization during the process of apoptosis in limb development in the mouse.
At embryonic days 10.5 and 11.5 (E10.5, E11.5), BAG-1 expression was exclusively found in the mesenchyme of the developing limb bud (Fig. 1A,B ), but not in the surrounding epithelial layer (see arrow in Fig. 1B ). At E12.5, this expression was restricted to the interdigital mesenchyme, while the precartilaginous blastema and the epithelium (see arrow in Fig. 1C ) were negative. By E13.5, BAG-1 expression was even more restricted, with signs of expression only evident along the tissue surrounding the future digits (Fig. 1D) . Finally, at E14.5 when digit formation was nearly complete, BAG-1 expression was only detected in the peridigital tissue but not in the chondrified structures (Fig. 1E ). This pattern of expression inversely correlated with the onset of apoptosis as determined by the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labelling (TUNEL) method. At E10.5, when BAG-1 was ubiquitously expressed in the entire limb bud mesenchyme (Fig. 1A) , no apoptotic cells were detected in this region (Fig. 1F) . At E12.5, when BAG-1 expression was still high in the interdigital region, only very few apoptotic cells were detected (results not shown). At E14.5, when BAG-1 expression was nearly undetectable (Fig. 1G ), apoptosis had reached its peak in the interdigital region. Higher magnification of this apoptotic region is shown in Fig. 1H . As RA hastens the process of interdigital apoptosis (Dupé et al., 1999; Rodriguez-Leon et al., 1999) , its effect on the pattern of BAG-1 expression in the developing limbs was examined. This was performed by a whole-mount in situ hybridization technique and RARb2 expression was analyzed as a control for the effectiveness of the RA treatment (Jiang and Kochhar, 1992; Kochhar et al., 1993) .
While RARb2 expression was upregulated after 6 and 8 h of RA treatment (Fig. 2D,H) , a change in BAG-1 expression was only clearly observed after 8 h (compare Fig. 2B and Fig. 2F ). At this time point, BAG-1 expression was downregulated in the interdigital region, especially between digits 2 and 3, as well as digits 3 and 4 (see arrows in Fig.  2B ,F), but an increased expression occurred in the precartilage condensations of the digits.
In the mouse, BAG-1 exists as 50 (BAG-1L) and 32 kDa (BAG-1S) proteins translated from the same mRNA (Packham et al., 1997; Takayama et al., 1998) . It was therefore important to determine which isoform is downregulated by the RA treatment. An antibody that detects BAG-1S in immunohistochemical studies (Crocoll et al., 2000) showed a general but very weak staining of the developing limb, while a BAG-1L specific antibody (Crocoll et al., 2000) strongly stained the mouse autopod (results not shown). In agreement with the in situ hybridization experiments, in the presence of RA, a decrease in the BAG-1L signal occurred in the interdigital mesenchyme along with an increase in the precartilage condensation. Quantification of the signals within the interdigital mesenchyme of several forelimbs of control and RA-treated animals showed a 20% decrease in the number of cells positive for BAG-1L after 8 h RA treatment (Fig. 3A) . At the same time, a 20% increase in TUNEL-positive cells was calculated in the same region (Fig. 3B) . mice with suppressed interdigital apoptosis (Dupé et al., 1999) to examine changes in BAG-1 expression. At E12.5, there were no differences in BAG-1 expression in the interdigital region between wild-type and RAR null mutant mice (Fig. 4A,B) . At E13.5, BAG-1 expression was downregulated in the interdigital necrotic zone of the wild-type litter control mice, but still persisted in the RAR mutant mice (Fig. 4C,D) . Finally, at E14.5, when digit formation was nearly completed in the wild-type mice, BAG-1 expression was still detectable in the interdigital region of the mutant mice (Fig. 4E,F) . Note the interdigital webbing (soft tissue syndactyly) of the RARb 2/2 /RARg 2/2 mice at E14.5 which arises from decreased interdigital apoptosis (Dupé et al., 1999; Fig. 4F) . These results together show that in mouse autopods, downregulation of BAG-1 expression is inversely correlated with interdigital apoptosis.
BAG-1 expression in autopods of

Experimental procedures
Whole-mount in situ hybridization on isolated limbs
Whole-mount in situ hybridization was performed essentially as described by Crocoll et al. (2000) . For generation of antisense and sense control digoxigenin-labelled RARb2 RNA probes, a 374 bp KpnI/NotI restriction fragment cloned in pBluescript vector (Stratagene, Heidelberg, Germany) was used for the in vitro transcription (Zelent et al., 1991) .
Detection of apoptotic cells in tissue sections
Paraffin sections (7 mm) of paraformaldehyde fixed isolated limbs were deparaffinized and apoptotic nuclei were stained using the Apoptag Kit (Appligene, Heidelberg, Germany) according to the manufacturer's instructions.
Since diaminobenzidine was used as substrate for the TUNEL labelling, apoptotic cells appeared brown in colour.
Immunohistochemistry
Immunohistochemical analyses were performed according to standard protocols using the avidin/biotin immunoperoxidase procedures with 3-amino-9-ethylcarbazol as the substrate. This produced a red coloration as the end-product. The primary antibodies used were: a carboxyterminal specific BAG-1 antibody (C16, Santa Cruz, Heidelberg, Germany); and a BAG-1L specific affinity-purified antibody (N15) raised against the peptide RPGREPRQSEPPAQR (Crocoll et al., 2000) .
RA treatment of embryos in utero
Plugs were checked 1.5 h after mating C57BL/6J mice. Fertilization was assumed to occur 45 min after the set-up of matings and was designated as embryonic day 0 (E0). When the embryos reached E12.0, all-trans-retinoic acid (RA; Sigma, Deisenhofen, Germany) was administered to the pregnant mice (50 mg/kg body weight) by oral gavage. The RA was first dissolved in dimethyl sulfoxide (DMSO) at 25 mg/ml and diluted in sunflower oil. Control embryos were treated with vehicle alone (500 ml 10% DMSO in Fig. 3. Inverse correlation of the level of BAG-1L protein and the increased rate of apoptosis in the interdigital necrotic zone following RA treatment. BAG-1L protein in the developing limb bud was detected by immunohistochemistry with N15 antibody specific for the BAG-1L after 8 h of RA treatment. Apoptotic cells in the interdigital necrotic zone were detected by the TUNEL method. The number of decreased BAG-1L-positive cells and the increased rate of apoptosis upon 8 h of RA treatment were quantified. This was performed by counting the total number of cells within defined areas between the digits and determining which percentage of the cells was BAG-1L-positive or apoptotic. For the calculation of BAG-1L-positive cells, two areas were analyzed per limb and ten forelimbs each after control or RA treatment were analyzed (n ¼ 20 each). For the calculation of the number of apoptotic cells, two areas were analyzed per limb and eight forelimbs were analyzed for vehicle-treated animals (n ¼ 16), whereas 12 limbs were analyzed for the RA-treated animals (n ¼ 24). The averages and standard deviations of these analyses are presented as bar diagrams (E,F). C, treatment with vehicle alone. sunflower oil). To ensure uptake of the RA, the mice were kept without food for 12 h before the administration of the RA or vehicle solutions. The pregnant mice were sacrificed by cervical dislocation 6 and 8 h after the experimental feeding. Embryos were isolated, fixed overnight at 48C in 4% paraformaldehyde, and thereafter dehydrated stepwise in methanol. A typical experiment consisted of five RAtreated and three control mice. Each experiment was performed four times for the 6 h treatment, as well as the 8 h treatment. 
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1/1 foetuses at a frequency of 1/16 and 1/16, respectively. Mice were mated overnight and considered to be at E0.5 on the following morning. Pregnant mice were sacrificed at specific stages by cervical dislocation. The isolated embryos were further processed after they had been genotyped by PCR amplification reactions with DNA isolated from tail biopsies (conditions available upon request).
